The paralogous iron-responsive transcription factors Aft1 and Aft2 (activators of ferrous transport) regulate iron homeostasis in Saccharomyces cerevisiae by activating expression of iron-uptake and -transport genes when intracellular iron is low. We present the previously unidentified crystal structure of Aft2 bound to DNA that reveals the mechanism of DNA recognition via specific interactions of the iron-responsive element with a Zn -induced Aft2 dimerization cannot be completely ruled out as an alternative Aft2 inhibition mechanism. Taken together, these data provide insight into the molecular mechanism for iron-dependent transcriptional regulation of Aft2 and highlight the key role of Fe-S clusters as cellular iron signals.
The paralogous iron-responsive transcription factors Aft1 and Aft2 (activators of ferrous transport) regulate iron homeostasis in Saccharomyces cerevisiae by activating expression of iron-uptake and -transport genes when intracellular iron is low. We present the previously unidentified crystal structure of Aft2 bound to DNA that reveals the mechanism of DNA recognition via specific interactions of the iron-responsive element with a Zn 2+ -containing WRKY-GCM1 domain in Aft2. We also show that two Aft2 monomers bind a [2Fe-2S] cluster (or Fe
2+
) through a Cys-Asp-Cys motif, leading to dimerization of Aft2 and decreased DNA-binding affinity. Furthermore, we demonstrate that the [2Fe-2S]-bridged heterodimer formed between glutaredoxin-3 and the BolA-like protein Fe repressor of activation-2 transfers a [2Fe-2S] cluster to Aft2 that facilitates Aft2 dimerization. Previous in vivo findings strongly support the [2Fe-2S] cluster-induced dimerization model; however, given the available evidence, Fe 2+ -induced Aft2 dimerization cannot be completely ruled out as an alternative Aft2 inhibition mechanism. Taken together, these data provide insight into the molecular mechanism for iron-dependent transcriptional regulation of Aft2 and highlight the key role of Fe-S clusters as cellular iron signals.
iron signaling | iron-sulfur cluster | yeast | Fra2 | Grx3 A s a redox-active cofactor for a wide variety of enzymes engaged in essential functions, iron is crucial for cell survival. Despite its abundance, iron has limited bioavailability because of its tendency to form insoluble ferric hydroxides in aerobic and neutral pH environments. Most organisms have developed efficient ironuptake strategies, but excess iron is toxic because of its role in generation of reactive oxygen species and interference in other metal-trafficking pathways. As such, intracellular iron in most organisms is tightly controlled (1) . In the model eukaryote Saccharomyces cerevisiae, iron homeostasis is primarily regulated by the paralogous transcriptional activators Aft1 and Aft2 (activators of ferrous transport) (2-4). Aft1/2 activate the transcription of over 25 genes, designated the iron regulon, when the cellular iron concentration is low. The protein products of the iron regulon genes function in one of three general categories: iron uptake, intracellular sequestration, or metabolic utilization (5-7). Aft1 and Aft2 have overlapping, as well as separate, gene targets that possess a conserved iron-responsive element (Fe-RE) in their promoters consisting of a core sequence CACCC (4, (8) (9) (10) . Variations in the nucleotide sequence flanking this core element, particularly on the 5′ side, allow for preferential binding of Aft1 or Aft2. The ultimate importance of Aft1/2 in regulating the cellular response to iron deprivation is highlighted by phenotypic analysis: growth of aft1Δ cells is inhibited in iron-deficient medium and the defect is exacerbated in aft1Δaft2Δ strains (2) (3) (4) . A gain-of-function mutant allele, AFT1-1 up or AFT2-1 up , harboring a single cysteine to phenylalanine substitution (C291F in Aft1 and C187F in Aft2) causes iron-independent activation of the iron regulon, suggesting that this cysteine is critical for inhibition of Aft1/2 in response to iron (2-4).
The molecular mechanism by which Aft1 and Aft2 sense and respond to the intracellular iron level is unclear, but much research has provided pieces of the puzzle. Aft1 DNA-binding activity and nuclear localization is influenced by the cellular iron status: when iron is low, Aft1 accumulates in the nucleus and activates the iron regulon, whereas, upon iron sufficiency, Aft1 dissociates from DNA and is shuttled to the cytosol by the nuclear exporter Msn5 in an iron-dependent manner (8, 11, 12) . Interestingly, iron sufficiency also induces multimerization of Aft1 in vivo (13) . Genetic evidence indicates that Aft2 responds to changes in intracellular iron metabolism via a similar mechanism to Aft1. Iron-dependent inhibition of both Aft1 and Aft2 activity is regulated by a cytosolic signaling pathway comprised of the Cys-Gly-Phe-Ser (CGFS) monothiol glutaredoxins Grx3 and Grx4, the BolA-like protein Fe repressor of activation-2 (Fra2), and the aminopeptidase P-like protein Fe repressor of activation-1 (Fra1), which relays an inhibitory signal that is dependent on the synthesis of mitochondrial Fe-S clusters (12, (14) (15) (16) (17) . Aft1 and Aft2 share a conserved CDC motif that is essential for in vivo iron signaling, as well as Aft1/2 multimerization and interaction with Grx3/4. Amino acid substitution of either Cys residue in this motif leads to constitutive Aft1/2 nuclear localization and activation of the iron regulon (2, 13, 17) .
Significance
Iron is essential for eukaryotic cell survival but toxic at higher concentrations. In yeast, iron levels are tightly regulated by the transcriptional activators Aft1 and Aft2 (activators of ferrous transport), which activate iron-uptake genes when iron levels are low. We report the first crystal structure of DNA-bound Aft2 and show that Aft2 senses cellular iron levels via direct [2Fe-2S]-cluster binding, which promotes Aft2 dimerization and deactivation of the regulated genes. We further demonstrate that Aft2 acquires a [2Fe-2S] cluster from glutaredoxin-3 and Fe repressor of activation-2, two [2Fe-2S]-binding proteins with homologs in higher eukaryotes. This study unveils the molecular mechanism of the Aft family of iron-regulatory proteins and emphasizes the importance of Fe-S clusters in cellular iron sensing in eukaryotes.
Grx3/4 interacts with itself and with Fra2 in vivo and in vitro, forming homo-or heterodimers bridged by a [2Fe-2S] cluster (14, 18, 19) . Similar to other members of the monothiol Grx family, the ligands for the [2Fe-2S] cluster in Grx3/4 come from the CGFS motif in Grx3/4 and glutathione (GSH) (20) (21) (22) , whereas in the Fra2-Grx3/4 heterodimer, ligands are provided by a cysteine from Grx3/4, a histidine from Fra2, and GSH (18, 23, 24) . The Fe-S-binding ligands in both Grx3/4 and Fra2 are essential for their ability to inhibit Aft1/2 in response to iron availability in vivo, indicating that Fe-S cluster binding is critical to their function.
To elucidate the molecular mechanism for iron-dependent transcriptional inhibition of Aft1/2, we aimed to uncover structural and biochemical information about Aft2 (and, by extension, Aft1) and the iron-sensing mechanism. Herein, we report the previously unidentified X-ray crystal structure of the DNAbinding domain of Aft2 bound to its target DNA. We show that Aft2 is a direct metal-binding protein that can bind a [2Fe-2S] cluster or a single Fe 2+ ion, resulting in dimerization. In addition, we provide evidence that Aft2 specifically interacts with [2Fe-2S] Fra2-Grx3 heterodimer in vitro to transfer the intact [2Fe-2S] cluster from Fra2-Grx3 to Aft2, leading to Aft2 dimerization. Our results indicate that dimerization of Aft2, in turn, decreases its DNA-binding affinity, which leads to deactivation of the iron regulon. Collectively, these data suggest a regulation model for Aft1/2 that is in agreement with in vivo observations.
Results
The amino acid sequences of Aft1 and Aft2 share 26% overall identity, with the highest identity (39%) in the N-terminal domain (Fig. 1B) . Therefore, a truncated form of Aft2 was constructed that consists of residues 1-204 and harbors the DNA-binding domain and iron-responsive CDC motif (referred to as Aft2 hereafter). The construct overexpressed well in Escherichia coli and yielded protein for subsequent structural and biochemical studies (SI Appendix, Fig. S1 ).
Aft2 Has a Structural WRKY-GCM1 Zn 2+ -Binding Domain for DNA Recognition. Aft2 crystallized as a complex with an oligodeoxynucleotide derived from the promoter of FET3, a gene in the iron regulon encoding a multicopper oxidase required for iron uptake. Both Aft1 and Aft2 have been shown to bind to the FET3 promoter in vitro and in vivo, and this promoter sequence, 5′-AAGTGCACCCATT-3′, contains the consensus Fe-RE sequence of CACCC (shown in bold) (2) (3) (4) 9) . The Aft2-DNA complex crystallized in the space group P2 1. The structure was solved using single-wavelength anomalous dispersion data from the bound zinc ion and was refined to a resolution of 2.2 Å (SI Appendix, Table S1 ). Aft2 binds to DNA as a monomer with a 1:1 protein:Fe-RE sequence stoichiometry (SI Appendix, Fig. S2 ). There are two copies of the Aft2-DNA complex in the asymmetric unit, and they are highly similar.
The structure of Aft2 consists of both α-helices and β-strands ordered as follows: β1-α1-β2-β3-β4-β5-α2a-α2b-α3 (Fig. 1A) . Overall, the protein contains two structural domains, with the five β-strands arranged in a β-sheet forming one domain and the three α-helices packed against one side of the β-sheet forming the other domain. As predicted in a bioinformatics analysis (25) , Aft2 possesses a WRKY-GCM1 fold (SI Appendix, Fig. S3 ), consisting of four β-strands (β2-β5) tethered together by a zinc(II) ion ( Fig. 2A) . The zinc ligands are provided by Cys86, Cys109, His133, and His135. Cys86 is at the end of β3, Cys109 is at the beginning of β4, and the two histidines are at the end of β5. Within the WRKY-GCM1 core fold, Aft2 has an insert of 22 residues between the two cysteines, most of which could not be included in the structural model because of disorder. Aft1 has an insert of 71 residues in the same position, and the difference in the size of this insert is the biggest difference between the two paralogs in their N-terminal domains ( Additional analysis of the metal content of purified Aft2 was performed with inductively coupled plasma MS (ICP-MS), which confirmed that Aft2 binds one equivalent of zinc when expressed in complete media (SI Appendix, Fig. S4 A and B). However, when Aft2 was expressed in minimal media or when one of the zinc-coordinating amino acids was substituted for a noncoordinating amino acid, no soluble protein was obtained. Addition of zinc to the minimal growth media restored Aft2 solubility, suggesting that the zinc site is structural and crucial for proper folding of the protein. The zinc ion can be replaced by cobalt, and the UV-visible absorption spectroscopic features of Co 2+ -loaded Aft2 were characteristic of a two histidine and two cysteine tetrahedral coordination environment to cobalt(II) (26) (SI Appendix, Fig. S4C ). Zn 2+ extended X-ray absorption fine structure (EXAFS) analysis of as-purified Aft2 was also performed to confirm the Zn Contacts with DNA are mediated primarily by the WRKY-GCM1 domain of Aft2 (Fig. 2B) . The β-sheet inserts into the DNA is colored orange, Aft2 green, and a zinc(II) ion purple. (B) Sequence alignment of the homologous N termini of Aft2 and Aft1. Identical residues are lettered and similar residues are marked "+." The four residues coordinating zinc(II) are highlighted in blue and the iron-sensing cysteines in orange. Secondary structural elements as determined by the crystal structure are indicated above the sequence: green arrows for β-strands and purple tubes for α-helices. Solid black lines represent loops, and dashed lines disordered residues not modeled in the structure.
major groove nearly perpendicular to the duplex DNA axis, allowing 10 residues in the domain to make contact with DNA. The side chains of Val73, Ile74, and Val119 form hydrophobic interactions with the deoxyriboses of Gua18, Cyt19, and Ade2′, respectively. Ser88 makes polar contacts with the phosphates of Thy17 and Gua18, one with its side chain and one with its backbone amide. Additional hydrogen bonds to backbone phosphates are made between the backbone amide of Ile74 and Cyt19, the side chain of Ser77 and Ade20, the backbone amide of Val119 and Ade3′, and the backbone amide of Arg120 and Ade3′. Basespecific contacts are mediated by residues within strands β2 and β3, including Glu75, Arg76, Ser77, Asp78, and Lys81. The carbonyl oxygen of Glu75 forms a hydrogen bond with N6 of Ade20. The guanidinium group of Arg76 makes hydrogen bonds with both N6 and O7 of Gua7′. Ser77 forms a hydrogen bond with N7 of Ade20 through its backbone amide and another with N4 of Cyt21 through its carbonyl oxygen. The OD2 atom of Asp78 forms a hydrogen bond with N4 of Cyt22; and finally, NZ of Lys81 bonds with O6 of both Gua5′ and Gua6′ (Fig. 2C) . Outside of the WRKY-GCM1 domain, the side chains of residues Lys58, His55, and Arg54 of helix α1 form hydrogen bonds with the backbone phosphates of Cyt19, Ade20, and Cyt21, respectively.
Strand β2 and the β-hairpin formed by strands β2 and β3 are the most important recognition elements of Aft2. Hydrogen bonds between protein residues and DNA bases provide direct recognition of bases within the consensus Fe-RE sequence. Changes to nucleotides within the duplex Fe-RE would cause a mismatch between hydrogen-bond donors and acceptors, create van der Waals clashes, or reduce the number of hydrogen bonds made, thereby weakening or preventing sequence-selective recognition by Aft2. For example, the O6 atoms of Gua5′ and Gua6′ accept a hydrogen bond from NZ of Lys81; if guanine were a cytosine or adenine, two hydrogen-bond donors would align, and the 5′ methyl group of a thymine would sterically clash with Lys81 (Fig. 2C) . Therefore, we provide structural evidence for how Aft2 specifically recognizes the Fe-RE-containing promoter sequences.
Aft2 Can Bind a [2Fe-2S] Cluster or a Fe 2+ Ion. A major question surrounding the mechanism of Aft1/2 regulation is how Aft1 and Aft2 sense iron. Previous studies suggest that Aft1 and Aft2 activate the iron regulon in response to mitochondrial Fe-S cluster synthesis because disruptions of the Fe-S cluster biogenesis and signaling pathways result in increased activation (12, 14, 17, 27, 28) . Substitution of either cysteine in the CDC motif (C291 and C293 in Aft1 and C187 and C189 in Aft2) makes Aft1/2 insensitive to iron levels, a finding that suggests direct metal binding (2, 4) . According to the structure of Aft2, the CDC motif is connected to the end of the α3 helix and is disordered in the structure in the absence of iron binding. This structural feature suggests the involvement of more than one monomer in binding to either an iron(II) ion or an Fe-S cluster. To determine whether Aft2 can bind iron or an Fe-S cluster, we loaded recombinant Aft2 with each species in an anaerobic environment. Analysis of the iron and sulfur content revealed that two monomers of Aft2 are indeed able to bind a single iron ion (Aft2: Fe ratio of 1:0.5) or a [2Fe-2S] cluster (Aft2:Fe:S ratio of 1:1:1) (SI Appendix, Fig. S6 ).
Binding of Fe-S Cluster or Fe 2+ -Induced Aft2 Dimerization. Aft1 has been shown to interact with itself in an iron-dependent manner in vivo, and this interaction is disrupted when either cysteine in the CDC motif is replaced by another amino acid (13) . To determine whether Aft2 can interact with itself in vitro and to investigate the metal-binding mechanism, we used analytical ultracentrifugation and small-angle X-ray scattering (SAXS) in the presence and absence of different metal species.
Aft2 is monomeric in solution under the conditions of ultracentrifugation analysis (Fig. 3A) . Loading Aft2 with either Fe 2+ or a [2Fe-2S] cluster changed the sedimentation velocity from that of the monomeric species, and the fitting to the Lamm equation gave a single peak with the molecular mass of a dimer both for Fe 2+ -Aft2 and [2Fe-2S]-Aft2 ( Fig. 3A and SI Appendix, Fig. S7 ). On the other hand, the mutant Aft2 C187A was consistently a monomer and did not dimerize in the presence of Fe 2+ or a [2Fe-2S] cluster. Similar results were observed with SAXS analysis (Fig. 3 B and C) . The radius of gyration, a measure of the overall molecular size, of each Aft2 species was determined from the electron-pair distribution function. The radius of gyration of apo Aft2, measured at 28.37 ± 0.03 Å, is significantly smaller than that of Fe 2+ -Aft2 or [2Fe-2S]-Aft2, at 40.82 ± 0.12 Å and 38.54 ± 0.14 Å, respectively. In addition, the extended shapes of the electron-pair distribution function of Fe With evidence of direct metal binding and metal-induced dimerization, we investigated whether the presence of metal could disrupt binding of Aft2 to DNA. In an electrophoretic mobilityshift assay, the Aft2-DNA complex was disrupted in the presence of Fe 2+ and higher concentrations of Cd 2+ but not a variety of other metal cations, including Ni 2+ (SI Appendix, Fig. S8 ). This result indicates that the metal-dependent dimerization of Aft2 decreases its affinity for DNA and could be part of the gene deactivation mechanism.
Aft2 Specifically Interacts with [2Fe-2S]-Fra2-Grx3. Because the results above demonstrate that Aft2 binds a [2Fe-2S] cluster in vitro, we sought to determine how Aft2 may acquire this Fe-S cluster in the cell. The [2Fe-2S]-binding glutaredoxins Grx3 and Grx4 interact with and inhibit Aft1 (and presumably Aft2) in vivo (14) (15) (16) and thus may deliver the Fe-S cluster to Aft1/2 as previously proposed (12, 18, 23) . Fra2 also interacts with Grx3 and Grx4 in vivo and plays an unknown role in Aft1/2 inhibition in response to iron. It is not clear whether the interaction between Aft1/2 and Grx3/4 is dependent on Fra2 and/or formation of the [2Fe-2S]-Fra2-Grx3/4 complex. To address this issue, we mixed apo and [2Fe-2S]-loaded Fra2-Grx3 heterodimer and [2Fe-2S]-loaded Grx3 homodimer with purified Aft2 anaerobically and assessed complex formation by analytical gel-filtration chromatography. When Aft2 monomer and [2Fe-2S]-Fra2-Grx3 heterodimer are mixed together (Fig. 4A) , all three proteins elute at a higher molecular mass than the individual proteins, indicating formation of a complex and/or multimerization. In contrast, when apo-Grx3, apo-Fra2, or [2Fe-2S]-Grx3 homodimer are mixed with Aft2, the proteins elute separately (SI Appendix, Fig. S9 ). Thus, these results suggest that Aft2 specifically interacts with the [2Fe-2S]-Fra2-Grx3 heterodimer. To determine whether the interaction between [2Fe-2S]-Fra2-Grx3 and Aft2 also influences the coordination environment of the [2Fe-2S] cluster, we titrated [2Fe-2S]-Fra2-Grx3 with increasing concentrations of Aft2. We observed a dramatic change in the UV-visible CD spectrum (Fig. 4B ) within 3 min of Aft2 addition, suggesting a change in the cluster ligation and/or chirality of the cluster environment. The saturation binding curve suggests that the stoichiometry of the interaction is ∼2.5 with a plateau at ∼5:1 Aft2:[2Fe-2S] cluster (Fig. 4B, Inset) . In contrast, addition of Aft2 to [2Fe-2S]-Grx3 homodimer did not cause any significant change in the CD spectrum, suggesting that Aft2 does not interact with the Fe-S cluster in [2Fe-2S]-Grx3 homodimer (SI Appendix, Fig. S10A ).
Fra2-Grx3 Transfers a [2Fe-2S] Cluster to Aft2. The coelution of Aft2 with Fra2 and Grx3 at a higher molecular mass (Fig. 4A) does not necessarily imply a stable interaction but may instead reflect oligomeric or conformational changes in both Aft2 and Fra2-Grx3 induced by a transient interaction. Given the clear changes in the Fe-S cluster coordination environment shown in Fig. 4B , we tested whether Fra2-Grx3 transfers the [2Fe-2S] cluster to Aft2, facilitating Aft2 dimerization. Heparin-affinity chromatography was used to separate Aft2 from Fra2-Grx3 following the interaction. The flow-through and eluate were assessed by UV-visible absorption and CD spectroscopy (Fig. 5A ) and SDS/ PAGE (Fig. 5A, Inset) . In addition, the Fe and S content of the flow-through and eluate were measured. As shown in the Inset in Fig. 5A , Aft2 alone binds to the heparin column, but Fra2-Grx3 does not. In contrast, for the Aft2/Fra2/Grx3 reaction mixture, ∼65-70% Fra2-Grx3 comes off in the flow-through, whereas all of Aft2 is found in the eluate, together with ∼30-35% Fra2-Grx3. After separation, the [2Fe-2S] cluster content of Fra2-Grx3 drops with a concomitant increase in the [2Fe-2S] cluster binding to Aft2 in the eluate (Fig. 5B) , with a maximum of ∼72% of the Fe-S cluster transferred to Aft2 at a 5:1 ratio of Aft2:[2Fe-2S]-Fra2-Grx3. The UV-visible absorption and CD spectra of the fractions also demonstrate that Aft2 is involved in the cluster coordination, because spectra of the flow-through sample are distinct from the Aft2-containing eluate (Fig. 5A) . On the other hand, when Aft2 is mixed with [2Fe-2S]-Grx3 there is only 15.8 ± 1.7% Fe-S cluster and a negligible level of Grx3 identified in the eluate (SI Appendix, Fig. S10B ), indicating the weak interaction between Aft2 and [2Fe-2S]-Grx3 homodimer and a low level of cluster transfer to Aft2. Overall, we conclude that Fra2 acts as a mediator to facilitate the interaction between Aft2 and Grx3 and transfer of the [2Fe-2S] cluster.
Next, the oligomeric state of Aft2 after the cluster transfer was assessed by analytical gel-filtration chromatography. As shown in Fig. S10C ).
ICP-MS analyses on Aft2 before and after Fe-S cluster transfer from Fra2-Grx3 verified that Fe-S cluster binding does not displace the structural Zn (before: ∼0.96 Zn/Aft2 monomer; after: ∼0.92 Zn/Aft2 monomer). To confirm that Fra2-Grx3 can directly transfer an Fe-S cluster to Aft2 and to rule out cluster degradation and reassembly on Aft2, we verified that: (i) [2Fe-2S] Fra2-Grx3 is resistant to EDTA at a 1:1 [EDTA]:[Fe] ratio, at which over 85% cluster is still intact (SI Appendix , Fig. S11A) ; and (ii) the addition of EDTA at a 1:1 ratio with Fe 2+ in the reaction has little effect on the Aft2-Fra2-Grx3 transfer reaction (SI Appendix, Fig. S11B ). These results show that the presence of EDTA does not alter the Fe-S cluster transfer process, ruling out the possibility that disassembly of the Fe-S cluster on Fra2-Grx3 is a prerequisite for Fe-S cluster assembly on Aft2.
Finally, we compared the DNA-binding affinity of as-purified, monomeric Aft2 and [2Fe-2S]-Aft2 prepared via cluster transfer from [2Fe-2S]-Fra2-Grx3 (SI Appendix, Fig. S12) . The results show that [2Fe-2S] transfer to Aft2 causes at least a 3.3-fold reduction in DNA-binding affinity; the DNA dissociation constant of monomeric Aft2 is ∼26.1 ± 3.3 nM, which changed to ∼85.2 ± 2.1 nM for Aft2 with 0.5-0.6 [2Fe-2S] cluster bound per dimer. The difference is expected to be larger with fully loaded Aft2. Thus, both Fe 2+ -and Fe-S-induced dimerization of Aft2 interferes with its DNAbinding ability. Furthermore, we confirmed that substitution of one or both Cys in the CDC motif with Ala does not significantly alter the DNA-binding affinity (SI Appendix, Fig. S12C ), which is consistent with the monomeric structure in vitro (Fig. 3A) and constitutive activity of these mutant forms in vivo (2, 4) .
Discussion
In the current study, we present the biochemical and structural characterization of a major eukaryotic transcriptional regulator of iron homeostasis. Aft1 and Aft2 are 39% identical in their N-terminal DNA-binding domains. We have cloned, expressed, and purified a truncation of Aft2 that contains this homologous portion and includes the domains responsible for DNA binding and iron sensitivity.
The crystal structure of Aft2 bound to DNA reveals the molecular basis for selective binding of Aft2 to the consensus Fe-RE sequence, CACCC, found in the promoter regions of genes in the iron regulon. Aft2 possesses a WRKY-GCM1 fold that is responsible for many of the protein-DNA contacts. Protein residues within strands β2 and β3 and the β-hairpin connecting them establish base-specific contacts that underlie the direct recognition of the Fe-RE. All of the Aft2 residues involved in direct base contacts are conserved in Aft1, indicating that Aft1 recognizes the Fe-RE in the same manner as Aft2.
Both Aft1 and Aft2 belong to a class of proteins that has a WRKY-GCM1 domain with an insert between strands β2 and β3 of the four-strand fold (β3 and β4 in Aft1/2) (25). Aft2 has 22 residues in this insert and Aft1 has 71 residues; the difference in the size of this insert is the major difference between the two paralogs in their DNA-binding and metal-sensing domains. The inserts of both proteins are rich in basic amino acids, which suggest that they might interact with DNA. This insert in Aft2 is disordered in the crystal structure and could not be included in the model. However, based on the modeled portions of where the disordered insert must connect, the C terminus of β3 and N terminus of β4, the insert could contact the major groove at the 5′ end of the Fe-RE. (Another Aft2 monomer blocks access to that region of DNA by binding nonspecifically.) Variation in nucleotide sequence on the 5′ end of the Fe-RE allows for preferential binding of Aft1 or Aft2, and we propose that this insert might provide for such discrimination.
We have demonstrated that Aft2 has two metal-binding sites, one for a structural zinc and one for iron. Zinc is bound in a tetrahedral geometry by Cys86, Cys109, His133, and His135 in the DNAbinding domain, as shown in the crystal structure and supported by The dependence of Aft1/2 inhibition on Fe-S cluster biogenesis has been revealed by numerous studies. The iron regulon is constitutively active in yeast strains with defects in mitochondrial Fe-S cluster biogenesis despite high cytosolic iron levels (14, 28, 29) . Disrupting the mitochondrial Fe-S cluster export machinery and deletion of cytosolic proteins Grx3/4 or Fra2 also leads to constitutive activation of Aft1/2 target genes (14-16, 28, 29) . In addition, the in vivo interaction between Aft1 and Grx3/4 and iron-induced dissociation of Aft1 from its target DNA are dependent on the mitochondrial Fe-S cluster biogenesis and export machineries (12) . We have shown that the [2Fe-2S] cluster-bridged Fra2-Grx3 heterodimer transfers a [2Fe-2S] cluster to Aft2, providing a plausible mechanism for acquisition of an Fe-S cluster by Aft2 in vivo (Fig. 6 ). Fe-S binding by Aft2, in turn, decreases its DNA-binding affinity. The rapid Fe-S cluster transfer reaction between Fra2-Grx3 and Aft2 clearly distinguishes [2Fe-2S]-Fra2-Grx3 heterodimer from [2Fe-2S]-Grx3 homodimer and emphasizes the functional role of Fra2 in mediating the interaction between Aft2 and Grx3. However, in fra2Δ mutants, Aft1/2-regulated genes are still partially repressed under iron sufficiency, suggesting that Grx3/4 alone may be able to deliver Fe-S clusters to Aft1/2 in vivo, although somewhat less efficiently than Fra2-Grx3/4 (14) .
In addition to [2Fe-2S]-induced dimerization of Aft2, we present in vitro evidence that Aft2 dimerizes via Fe 2+ binding to the CDC motifs. Because the expression of Aft1/2-regulated genes is unresponsive to changes in bioavailable cytosolic iron when mitochondrial Fe-S cluster biogenesis is fully functional (28, 29) , this argues against direct binding of Fe 2+ to Aft1 and Aft2 as the Fig. 6 . Proposed model for iron regulation via Aft1 and Aft2 under iron replete conditions. During conditions of iron sufficiency, Fe-S clusters are synthesized in mitochondria via integration of iron, sulfur, and redox control pathways. An unknown substrate produced by the mitochondrial Fe-S cluster biogenesis machinery is exported to the cytosol by the transporter Atm1. GSH is also required for export of this signal. Grx3 and Grx4, which form GSHligated, Fe-S-bridged homodimers, are proposed to form heterodimers with Fra2 to relay this signal to Aft1 and Aft2. Interaction of Grx3/4 with Aft1 promotes dissociation of the transcriptional activator from its target DNA and export to the cytosol, leading to deactivation of Aft1/2-regulated genes. The exportin Msn5 facilitates iron-dependent export of both Aft1 and Aft2. We also observed Fe
2+
-dependent dimerization of Aft2 in vitro; however, the biological relevance still needs to be investigated in vivo (dotted lines).
primary regulation mechanism. However, it is possible that under certain conditions Fe 2+ binding may be an alternate dimerization mechanism. For example, the iron regulon is activated in grx3grx4aft1 null cells in response to iron deprivation despite the absence of Grx3/4, suggesting that Aft2 could respond through other pathways (16) . Similarly, the expression of Aft1/2-regulated genes in cells with defective mitochondrial iron-sulfur cluster biogenesis is enhanced upon iron depletion (14) , implying that high cytosolic iron in these cells may partially inhibit Aft1/2 activity via direct Fe 2+ binding. However, the mitochondrial Fe-S cluster assembly pathway is still partially functional in these strains, and thus further iron limitation may deplete Fe-S clusters bound to proteins in a relatively labile fashion, such as found in Grx3/4 and Aft2 homodimers. Ultimately, our results provide the molecular details that support the previously proposed mechanism for iron-dependent inhibition of Aft1/2 activity (12, 13, 23, 24) , namely that dimerization of Aft1/2 by coordination of a [2Fe-2S] cluster (or Fe 2+ ) disrupts DNA binding and promotes cytoplasmic localization, resulting in the inactivation of the iron regulon (Fig. 6 ).
Materials and Methods
Aft2 Expression, Crystallization, Fe an anaerobic chamber (O 2 , <5ppm) and then analyzed for iron and sulfur content. Ultracentrifugation was done at 60,000 rpm (AN 60 Ti rotor, Beckman Optima XL-A) for 15 h for complete sedimentation, and sedimentation profiles were fit to the Lamm equation. SAXS measurements were performed with ∼100 μM protein and electron-pair distribution curves and radii of gyration were calculated by GNOM. For transfer experiments, [2Fe-2S]-Fra2-Grx3 heterodimer was incubated with 2 equivalents of Aft2 and the cluster transfer was characterized by UV-visible and CD spectroscopy and SDS/PAGE.
Other Procedures. Detailed procedures are available in SI Appendix.
